It is demonstrated, by means of computer-assisted analysis, that C1 protein involved in the replication of geminivirus DNA is related to the rolling circle replication initiator proteins of eubacterial plasmids, particularly the plasmids of the pMV 158 family. Three sequence motifs conserved in the geminivirus and plasmid replication proteins were delineated, one of them encompassing the Tyr residue that presumably forms a covalent linkage to DNA. These findings are compatible with the results of recent analyses of geminivirus replicative intermediates suggesting a rolling circle mechanism for geminivirus DNA replication. It is hypothesized that C1 protein initiates the rolling circle replication of geminivirus DNA by nicking a specific site in the virus-sense DNA and covalently linking to the 5' side of the nick. The putative rolling circle replication initiator domain comprises the N-terminal portion of C l, whereas its Cterminal part is a putative helicase domain. By analogy with prokaryotic systems, it is speculated that the replication initiator domain and the helicase domain function coordinately. The possibility of the origin of geminiviruses from prokaryotic circular ssDNA replicons is discussed.
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Geminiviruses are small plant viruses whose genome consists of either one (mostly monocotyledon-infecting leafhopper-transmitted viruses) or two (mostly dicotyledon-infecting whitefly-transmitted viruses) circles of ssDNA of 2.5 to 3.0 kb (reviewed by Davies et al., 1987; Davies & Stanley, 1989) . It has been shown that only one gene, AC1 (nomenclature of Davies & Stanley, 1989) , located in the complementary strand of the A DNA of bipartite geminiviruses, is essential for viral DNA replication in infected leaves (Brough et al., 1988; Elmer et al., 1988; Etessami et al., 1988) . This open reading frame (ORF) corresponds to two ORFs (C1 and C2) in monopartite geminiviruses. The expression of each of these ORFs is also essential for replication, and it has been shown that they are probably fused by splicing to generate a single protein homologous to AC1 (Schalk et al., 1989) . The small size of geminivirus DNAs, their single-stranded nature and the presence of doublestranded replicative intermediates in the infected leaves suggested that they might replicate by the rolling circle replication (RCR; Gilbert & Dressier, 1968) mechanism (Davies et al., 1987) . The recent detailed analysis of the structure of geminivirus replicative intermediates supported this hypothesis by revealing concatemeric forms of virion-sense but not of complementary DNA (Saunders et al., 1991) . The results of an independent study on the mechanism of the replicational release of monomer geminivirus DNA from artificially prepared concatemers also were fully compatible with RCR (Stenger et al., 1991) .
In prokaryotic phage and plasmid replicons employing RCR, it is initiated by a protein encoded by the replicon itself. In all well explored systems these proteins possess a DNA nicking~losing and a topoisomerase-like activity (e.g. Koepsel et al., 1985 ; de la Campa et al., 1990) . In phage ~bX174, by far the best studied RCR system, phage A protein nicks the ori site in the viral strand of the double-stranded replicative form and remains covalently linked to the 5' side of the nick. The 3' end is then extended by DNA polymerase, whereas A protein still bound to the 5' end of the displaced strand travels along the template resulting in the formation of a looped rolling circle. When the replication proceeds to complete the circle and the ori site is regenerated on the progeny strand, A protein cleaves this site and is transferred to the progeny strand to initiate a new round of replication, whereas the parental strand is concomitantly ligated yielding a single-stranded circle. Thus, A protein mediates not only initiation but also termination of RCR. Also, this protein facilitates the unwinding of the dsDNA acting in conjunction with the rep helicase (Baas & Jansz, 1988 (te Riele et al., 1986a, b; Gros et al., 1987; Gruss & Ehrlich, 1989) . On the other hand, the replication mechanism of filamentous bacteriophages differs significantly in that the initiator protein (gene II product) does not form a covalent bond to DNA but instead weakly binds to the template strand opposite the ori site and does not travel along the template; thus replication proceeds not via looped rolling circles but via rolling circles with loose tails (Geider et al., 1984) .
It was of obvious interest to find out whether the viral proteins involved in geminivirus DNA replication showed some structural similarity to the plasmid and/or phage RCR initiator protein, in order to provide insight into possible mechanisms of their action in geminivirus replication, and perhaps also into the evolution of geminiviruses. Amino acid sequence database screening using the program BLASTP (Altschul et al., 1990) and geminivirus replication protein sequences as probes failed to reveal any significant similarities other than to the sequences of the respective proteins of other viruses. However, when we compared a multiple alignment of the geminivirus replicative proteins generated by the program OPTAL as previously described (Gorbalenya et al., 1989) with the alignments of the RCR initiator proteins of the pUBII0 and pMV158 plasmid families, respectively, three similarly spaced conserved motifs were detected (Fig. 1) . The alignment of the geminivirus protein sequences with those of the initiator proteins of the pMV158 family scored 10.2S.D. over the random expectation, whereas the comparison of this alignment with the pUBll0 family alignment yielded a score of 7.2 S.D. Alignment scores in this range are typical of genuinely related proteins (Doolittle, 1986) . C-terminal motif 3 contained a conserved Tyr residue that in the plasmid proteins of the pUB 110 family is thought to bind covalently to DNA. The critical importance of this Tyr residue for RCR of plasmid pKYM has been confirmed by site-directed mutagenesis (Yasukawa et al., 1991) . Motif 2 contained two invariant His residues embedded in a run of bulky hydrophobic residues. This arrangement is reminiscent of the structure of metal-binding centres in various metalloenzymes, e.g. cytochrome c oxidases and carbonic anhydrases (Saraste, 1990; Chakrabarty, 1990 ). The reactions catalysed by RCR initiator proteins require Mg 2÷ or Mn 2÷ (e.g. Baas & Jansz, 1988) . Thus, it is tempting to speculate that the conserved His residues in motif 2 function as ligands to these metal ions.
Inspection of the alignment of the geminivirus proteins with the two families of plasmid proteins (Fig.  2) showed that the viral sequences could be considered, with respect to the patterns of amino acid residue conservation, to be intermediate between the two families of plasmid proteins. Thus, the signatures for motif 1 were U [VL] [VL]YP for the pMV158 family, FLTYp for the geminiviruses and FLTLT for the pUBll0 family. Similarly, the signatures for motif 3 were YUxH (x, any residue) for the pMVI58 family, Y(U)xK for geminiviruses and Yx(U)K for the pUB110 family. U or u indicates a bulky hydrophobic residue. Any one of the amino acid residues in brackets is allowed in that position. Lower case letters indicate residues conserved in all but one of the sequences of the respective family.
We suggest that despite the limited similarity outside of the three motifs the conservation of the motif signatures and of the spacing between them justifies the conclusion that the two families of plasmid Rep proteins and the geminivirus replicative proteins constitute a distinct superfamily. We were unable to define a sequence pattern that would be unique for this superfamily as a whole. However, consecutive screening of the non-redundant amino acid sequence database (57941 sequences as of 28 January 1992; National Center for Biotechnology Information, U.
S.A.) with the signatures [FILV][ILV][ILVT]YP (motif 1), H[ILVFYWST]H-[ILVMAC][ILVMFYW][ILVMFYWAC] (motif 2) and [ILVMAST]xxY[ILVMAC]X[KH] (motif 3) extracted
all the sequences of the replicative proteins of geminiviruses and plasmids of the pMV158 family without selecting any false positives. This was compatible with the high alignment scores observed upon comparison of the proteins of these groups. It is notable that within two of the three families constituting this superfamily (geminiviruses and plasmids of the pUB110 family) the sequence conservation was practically restricted to the domain delimited by motifs 1 and 3. A more limited similarity in the three conserved motifs was observed between the proteins of this superfamily and A proteins of ~bX174 and related bacteriophages (unpublished observations).
These findings imply that the geminivirus replicative proteins mediate the RCR of the viral genomes utilizing a mechanism similar to that revealed for the plasmid and isometric phage proteins, with the conserved Tyr residue forming a covalent linkage to DNA after nicking the specific plus origin site.
It has been proposed that the plus origin site for geminivirus replication lies in the conserved hairpin in the intergenic region of the virion-sense strand, and limited similarities have been noticed between the nucleotide sequence of this hairpin and the sequences of the origin sites of bacteriophages and plasmids replicating by RCR (Rogers et al., 1986; Davies et al., 1987; Stenger et al., 1991) . We, however, found it difficult to confirm this at a statistically significant level (unpublished observations). It has to be kept in mind that a fundamental difference between the prokaryotic RCR replicons and geminiviruses is that the latter encode the RCR initiator protein in the complementary strand, not in the strand replicated by RCR as in the former. This may relate to the differences in the ori site structure. It has been shown previously that the C-terminal portions of the C10RF products of dicotyledoninfecting geminiviruses and the C20RF products of monocotyledon-infecting geminiviruses encompass a putative helicase domain related to the (putative) helicases of other small DNA and RNA viruses (Gorbalenya et al., 1990) . Thus, at least in the dicotyledon-infecting geminiviruses, but probably in all geminiviruses (see above), the replicative protein has a twodomain organization, with the N-terminal domain serving as the RCR initiator and the C-terminal domain as a helicase (Fig. 2) . It is reasonable to suggest that the functions of the two domains in viral DNA replication are coupled. In prokaryotic RCR replicons the initiator Short communication protein also functions in conjunction with a helicase (see above) but the latter is usually encoded by the bacterial genome, not by the replicon itself. The present observations raise the intriguing question of the possible origin of geminiviruses from prokaryotic circular ssDNA replicons. Prokaryotic features have been observed previously in the DNA sequence of abutilon mosaic geminivirus (Frischmuth et al., 1990) whose DNA has been found in plastids (Groning et al., 1987 (Groning et al., , 1990 ). This particular direction of evolution, and not the opposite one, seems to be strongly favoured as RCR is much more widespread in the prokaryotic (eubacterial) world than in eukaryotes. E. V. K. is grateful to Drs D. J. Lipman and J. C. Wootton for critical reading of the initial draft of this manuscript.
